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Abstract. We analysed the performance of Irikura and Miyake [1] asperity-based rupture model generator
(IM2011), in conjunction with the hybrid broadband ground-motion simulation methodology of Graves and
Pitarka [2], for simulating ground motion from crustal earthquakes. The objective of our study is to investigate
the transportability of the IM2011 to broadband simulation methods used by the Southern California Earthquake
Center ground motion simulation platform. We performed broadband (0.1-10Hz) ground motion simulations
using rupture models produced with both IM2011 and the rupture generation method of Graves and Pitarka [2],
(GP2010). The comparison of the two rupture models was conducted for a series of M6.7 crustal scenario
earthquakes. The results of our analyses demonstrate that IM2011 and GP2010 rupture models produce similar
ground motion in the considered frequency range of 0.1-10Hz.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344. LLNL-PROC-676872.
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1. INTRODUCTION

The broadband ground motion simulation methods of Graves and Pitarka [2] and Irikura and
Miyake [1], also known as Irikura and Miyake recipe, use similar time-domain summation
schemes. Both methods apply a hybrid approach to compute ground motion acceleration time
histories using rupture kinematics for modelling the source, and Green’s functions for
modelling wave propagation. Earlier versions of Irikura and Miyake method employed
empirical Green’s functions. However, the scarcity of empirical Green’s functions with
desired magnitude, distance, focal mechanism and stress drop, motivated modifications of the
method that accommodate the use of synthetic Green’s functions (e.g.,[3], [4]). These
modifications as well as the adoption of improved empirical relations of rupture parameters
extended the method’s applicability to earthquakes of various types with complex rupture.

(e.g. [5L.I6].[7L.[8L.[9]).
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In this article we analyse the performance of Irikura and Miyake [1] asperity-based
earthquake rupture model (IM2011, hereafter) implemented in the hybrid broadband ground
motion simulation methodology of Graves and Pitarka [2]. The Irikura and Miyake [1] hybrid
method has been widely used to model and simulate ground motion from earthquakes in
Japan. An essential part of the method is its kinematic rupture generation technique, which is
based on a deterministic rupture asperity modelling approach. The source model simplicity
and efficiency of the IM2011 at reproducing ground motion from earthquakes recorded in
Japan makes it attractive to developers and users of the Southern California Earthquake
Center Broadband Platform (SCEC BB platform) ([10], [2], [11], [12]). The objective of our
study is to investigate the transportability of the IM2011 to broadband simulation methods
used by the platform. Here we test it using the Graves and Pitarka [2] method, used by the
SCEC BB platform. We performed broadband (0.1-10Hz) ground motion simulations for a
series of M6.7 crustal scenario earthquakes and rupture models produced with both IM2011
and rupture generation method of Graves and Pitarka [2], (GP2010 hereafter). In the
simulations with the two rupture models we used the same Green’s functions, and same high
frequency approach for calculating the low-frequency and high-frequency parts of ground
motion, respectively.

2. IM2011 and GP2010 Rupture Model Generators

IM2011 is based on the multiple-asperity concept of fault rupture. This concept is an
extension of the single-asperity model of Das and Kostrov [13]. IM2011 uses three sets of
parameters, named outer, inner and extra fault parameters, to characterize the fault rupture
kinematics. The outer parameters characterize the rupture area, and the inner parameters
define the spatial and temporal slip distribution computed from estimated stress drop in the
asperities and background areas of the fault. The extra fault parameters are the rupture
nucleation location, rupture initiation in each asperity, and rupture velocity. The outer and
inner fault parameters are linked to the total seismic moment following empirical scaling
laws. The number of asperities, total asperity area, and asperity slip contrast follows
Somerville et al. [14]. These kinematic rupture parameters have been found to be compatible
with those obtained from rupture dynamics modelling of planar faults with multiple asperities
[15]. IM2011 has essentially no tuning parameters for same type earthquakes, and in contrast
to other rupture generation methods, the rupture kinematics is directly linked to static stress
drop [16]. Irikura and Miyake ground-motion simulation method has been validated against
recorded ground motion, and extensively used in strong ground simulations of earthquakes in
Japan [7]. Since its original inception [17] the method has gone through a series of
improvements (e.g. [18],[5],[19]). We direct the interested reader to Irikura and Miyake [1],

and Morikawa et al. [7] for a detailed description of

S S — the IM2011.
l i en e l In the IM2011 the asperities are rupture areas with
was i e es higher stress drop and shorter slip duration. This

l o e e l implies that most of the low and high frequency
energy is generated in the asperities areas.
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Since both rupture velocity and slip within each asperity are assumed constant, the resulting
high frequency ground motion is mainly controlled by the stress drop, and width and
amplitude of the initial pulse in the Kostrov-like slip velocity function adopted by IM2011
[20]. The assumption that the high-frequency ground motion originates only in the asperities
is debatable. Inversions of recorded strong-motion data often indicate that areas of high slip
are not necessarily areas that produce large amounts of high-frequency energy [21],[9].

GP2010 rupture generator uses variable spatial and temporal kinematic rupture parameters
that are calibrated using recorded ground motion and observed rupture kinematics. The
rupture process, which is randomly heterogeneous at different scale lengths, controls coherent
and incoherent interferences of waves generated at the source. The random perturbations to
the rupture kinematics follow well-established rules developed using simulations of past
earthquakes. Guided by new data from recent earthquakes GP2010 is subject of continuous
improvements [22]. We direct the interested reader to Graves and Pitarka [2] for a detailed
description of their simulation method and GP210 rupture model, in particular. Here we are
interested to know how these two conceptually different rupture models compare when used
in the same broad-band simulation platform, and if necessary, what parameters need to be
modified in order to make the IM2011 compatible with the SCEC broadband ground motion
simulation platform.

5. Ground Motion Simulations Using IM2011 and GP2010 Rupture Generators

We investigated the performance of IM2011 in conjunction with Graves and Pitarka ground
motion simulation method by comparing ground motions simulated with IM2011 and GP2010
rupture models. We considered ground motion from M6.7 scenario earthquakes on a
dipping strike slip fault, at hard-rock stations. The fault mechanism and rupture parameters
are summarized in Tablel. The stations distance from the fault surface projection varies from
about lkm to 11 km. Figure 1 shows the fault trace and stations distribution. The rupture is
bilateral and it extends from 3 to 19km depth.

The kinematic rupture models generated with IM2011 and GP2010, named Modl and

GP.0.35, respectively, are shown in Figure 2. Based on the earthquake magnitude, Modl

has two asperities. The ratio between small and large asperity areas is 6:16. Among several

GP2010 rupture scenarios, we chose GP.0.35 which has shallow slip, similar to that in Modl1.

No attempt was made to select the GP2010 model that has the slip distribution closest to
Modl.
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FIG.2. Kinematic rupture models
for a M6.9 strike slip earthquake. a)
produced with the IM2011 method.
b)produced with the GP2010
method.
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The spatial slip smoothness parameter used in generating GP.0.35 is r=0.35. A larger r
produces a more heterogeneous spatial slip distribution. The effects of r on simulated ground
motion will be discussed in a subsequent section. Figure 3 shows prescribed time histories of
slip velocity at two selected locations, one inside the large asperity and the other in the
background area for Mod1. The same locations were used for displaying the corresponding
GP.0.35 slip velocity. Note that in the Graves and Pitarka hybrid ground motion simulation
method the slip velocity function is only used in computing the low frequency part of the
ground motion. As it will be demonstrated later, at these frequencies the effect of details in
the shape of slip velocity functions is much smaller than that of other rupture parameters, such
as asperities location, rupture speed, and rupture initiation location. The low-frequency part
(0.1-2Hz) of ground motion was calculated using synthetic Green’s functions computed with
an FK method. Table 2 describes the flat-layered velocity model used in the simulations. The
sub-faults dimensions used in the low frequency simulations were 0.2x0.2km, and those in the
high frequency simulations were 2kmx2km. The crossover frequency between deterministic
and stochastic parts of the simulated ground motion was set at 2Hz. Many studies have
assumed that the transition between the deterministic and stochastic characteristics of ground
motion occurs at 1Hz, partly due to computational limitations in wave propagation
computation. However, we would expect that for the source contribution the transition
between the coherent and incoherent summation vary with magnitude [21]. Figure 4 compares
time histories of ground motion acceleration and velocity computed with both rupture models
at 16 selected stations. Given the fact that no attempt was made to select a GP2010 slip
model with characteristics that are the closest to Mod1, the similarities between the velocity
and acceleration time histories produced with the two rupture models is impressive. The
RotD50 [23] spectral acceleration goodness-of-fit plots for Mod1 and GP.0.35 averaged over
all 32 stations is shown in Figure 5. The favourable comparison of the acceleration response
spectra on a broad period range demonstrates that the rupture models produce equivalent
ground motions.

a) b)
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FIG. 3. Comparison of slip velocity functions in the asperity area (red trace) and background fault
area (blue trace): a) IM2011 model, b) GP2010 model. Slip velocity functions in a) and b) are
shown for the same locations on the fault
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FIG. 4a. Comparison of broadband (0.1-10Hz) acceleration time histories simulated with the GP.0.35
(red traces) and Modl (blue traces) rupture models.
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FIG. 4b. Comparison of broadband (0.1-10Hz) velocity time histories simulated with the GP.0.35 (red
traces) and Modl (blue traces) rupture models. Stations name is indicated on the left of each trace.
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The two rupture generators were further investigated by analysing the sensitivity of the
simulated ground motion to asperities locations in the IM2010 models. We generated two
additional rupture models, named Mod2, and Mod3, for which the asperities were gradually
moved from the northern edge to the southern edge of the fault, respectively. The slip models
and goodness—of-fit for Mod1, Mod2, and Mod3 with respect to GP.0.35 are shown in Figure
6. Moving the asperity areas from north to south of the rupture initiation affects the rupture
directivity at most of the stations. As expected, rupture directivity has a strong effect at
periods longer than 1s.  Although to a much smaller extend, the asperity location also affects
ground motion amplitudes at shorter periods, between 0.2-1s. In the IM2010 most of the high
frequency ground motion is generated in the asperity area. Consequently, moving the
asperities location can certainly produce the slight high frequency difference among models
seen here. Regardless of differences in slip distribution the IM2011 and GP2010 rupture
models implemented in the Graves and Pitarka simulation method produce ground motion
with similar characteristics.

5. Discussion and Conclusion

The broadband simulations shown in this article were performed with the Graves and Pitarka
method. In essence this hybrid method uses deterministic representations of rupture
kinematics and wave propagation to produce the low frequency part of ground motion
(usually frequencies < 1Hz), and heterogeneous rupture with stochastic small-scale
perturbations and stochastic Green’s functions to produce the high frequency part of the
ground motion (usually frequencies > 1hz). This means that the high frequency part of the
simulated ground motion is produced by contributions from both rupture process and wave
propagation scattering. This is not exactly the case for Irikura and Miyake [1] method. In
their method, because the slip distribution is simple, and slip is homogeneous within the
asperity and background areas, the high frequency part of simulated ground motion variability
is mainly produced by the 3D wave propagation scattering effects, carried by the stochastic
Green’s functions. Whereas the ground motion amplitude is mainly controlled by the asperity
stress drop [16].

TABLE 1: FAULT PARAMETERS FOR A M6.5 EARTHQUAKE RUPTURE SCENARIO

Fault Parameter

Fault Length 32 km
Fault Width 16 km
Depth to Top of Fault 3 km
Rupture Velocity 2.56 km/s
Strike 0°

Dip 75°

Rake 25°
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TABLE 2: 1D VELOCITY MODEL

Thickness V, (km/s) Vs(km/s) Density Qp Qs
(km) (g/cm?)

0.5 3.2 1.8 2.0 200 100
4.5 5.7 3.2 2.4 500 250
13.0 6.0 3.46 2.7 500 250
Half Space | 6.7 3.87 2.8 1000 500

It is interesting to know how sensitive is the simulated ground motion to small-scale random
variations of the IM2011 slip on the fault. The robustness of the IM2011 rupture generator
associated with small-scale slip variability was tested by adding small-scale random
heterogeneity to Modl1. The small-scale heterogeneity was introduced in the frequency wave
(FK) number domain, by adding a K? spectral fall-off to the original FK slip spectrum of
Mod]1 for wavelengths longer than Skm. The new stochastic slip model named Mod1-Stoch
retains the overall large-scale geometry of the original slip distribution and all other kinematic
parameters of Modl. The Modl1-Stoch and the goodness of fit of the acceleration response
spectra computed with Mod1 and Mod1-Stoch are shown in Figure 7.

Both models produce very similar ground motion at all periods. This result suggests that the
addition of small-scale heterogeneity to the entire fault area does not affect the simulated
ground motion significantly. Simulations of recorded ground motion from large earthquakes
in Japan, have indicated that enhanced heterogeneous stress drop within asperity areas could
improve the method’s overall performance [24], [9].

One important parameter of both IM2011 and GP2010 kinematic rupture models is the slip
velocity function. Slip velocity time function reflects the kinematic energy release at a given
point on the fault. The functional form of slip velocity function used in these models is
derived by spontaneous rupture modelling on planar faults [25], [20]. The amplitude and
duration of the first pulse in the slip velocity function (see Figure 2) are poorly resolved. In
IM2010 the shape of the first pulse is controlled by fmax fixed at SHz. We investigated the
effect of fmax on simulated ground motion by comparing two simulations made with Mod1

2.0 :
15 3
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Bias In(GP.0.35/mod1)

FIG. 5. Spectral acceleration goodness of fit for the M6.7 scenario earthquake simulations using the
GP.0.35 and Mod1 rupture models.
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FIG. 6. Slip models Modl, Mod2, Mod3 (top panels) and corresponding spectral acceleration
goodness of fit for the M6.7 scenario earthquake simulations using GP.0.35 and Mod, Mod?2, and
Mod3 rupture models.

using fmax = SHz and fiax = 10Hz. The resulting slip velocity functions and the spectral
acceleration goodness of fit between the simulations made with the two models are shown in
Figure 8. In the simulations with Graves and Pitarka [2] method the effect of fimax used by
IM2011 on ground motion is practically insignificant. Since the higher frequencies are
computed using the stochastic approach, the change in the slip velocity function related to
changes in fiax has little impact on simulations.

Results of sensitivity analysis of spatial slip smoothness parameter r, used in GP2010
rupture generator on simulated ground motion, are summarized in Figure 9. We compared
ground motion simulated with GP.0.35 model, for which r = 0.35, and GP.0.85 model with a
larger r, set at 0.85. Also shown in this figure are the corresponding rupture models.  The
acceleration response spectra goodness of fit between the two models suggests that a more
variable slip distribution generates slightly larger ground motion in the period range of 1-4 s.

We concluded that when used in the hybrid method of Graves and Pitarka [2] the IM2011 and
GP2010 rupture models for strike-slip earthquakes produce similar ground motion in a broad
frequency range (0.1-10Hz). The addition of small-scale random heterogeneity in slip
models produced with IM2011 has insignificant effect. In contrast, for GP2010 the spatial
slip smoothness can have a more pronounced effect. The comparison between IM2010 and
GP2010 in modelling ground motion from recorded earthquakes is the subject of the second
phase of the study presented here.
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